MicroRNAs (miRNAs/miRs) serve important roles in regulating gene expression by directly binding to the 3'-untranslated regions of target genes. Multiple miRNAs are dysregulated in retinoblastoma (RB) and their dysregulation is closely related to RB malignancy. Therefore, exploring the detailed roles of miRNAs in RB is valuable to facilitate the development of effective therapeutic targets for patients with this disease. miRNA-874-3p (miR-874) has been recently reported to be downregulated in several types of human cancer and serves an essential role in cancer progression. However, the expression pattern and detailed roles of miR-874 in RB, as well as the underlying molecular mechanisms in RB, have not been clearly elucidated. Therefore, this study detected miR-874 expression in RB tissues and cell lines. The biological roles of miR-874 in RB were determined and the underlying mechanisms of its actions in RB cells were also examined. This study revealed that miR-874 expression was aberrantly underexpressed in RB tissues and cell lines. However, returning miR-874 expression restricted the proliferative and invasive abilities of RB cells. In terms of the underlying mechanism, metadherin (MTDH) was validated as a direct target gene of miR-874 in RB cells. MTDH inhibition could imitate the inhibitory roles of miR-874 overexpression in RB cells. Furthermore, forced MTDH expression partially reversed the suppressive effects of miR-874 on RB cells. In conclusion, this study revealed that miR-874 may inhibit RB progression by directly targeting MTDH. Restoration of miR-874 expression may be a novel strategy for preventing the rapid growth and metastasis of RB cells.
Introduction
Retinoblastoma (RB) is a rare human malignancy and usually occurs in infants and children (1) . The incidence of RB is approximately 1/15,000-1/20,000 live births, translating to about 9,000 novel cases annually worldwide (2) . Currently, the primary treatments for patients with RB include surgical resection, chemoradiotherapy, thermotherapy and cryotherapy (3) . Despite remarkable improvements in RB diagnosis and therapy, the overall prognosis for patients with this disease remains poor, primarily due to diagnosis and treatment delay, metastasis to distant organs and chemoresistance (4) (5) (6) . Highly expressed oncogenes, underexpressed tumour suppressor genes and epigenetic changes in oncogenic methylation are determining factors that initiate and drive the formation and progression of RB; however, detailed mechanisms of RB pathogenesis remain largely unknown (7) . Therefore, great efforts are required to determine the underlying mechanisms of RB and identify new treatment strategies for the therapy of patients with this fatal malignant tumour.
MicroRNAs (miRNAs/miRs) are a class of highly conserved, single-stranded and non-coding short RNA molecules with an average length of 19-23 nucleotides (8) . miRNAs negatively regulate gene expression, mainly by directly binding to conserved sites in the 3'-untranslated regions (3'-UTRs) of their target genes, thereby inducing transcriptional repression or mRNA degradation (9) . Over half of miRNAs are located at cancer-related genomic regions or fragile sites, indicating that miRNAs may be closely related to cancer initiation and progression (10) . Numerous miRNAs are deregulated in RB, such as miR-138 (11) , miR-448 (12) , miR-498 (13) and miR-613 (14) . miRNAs deregulation plays critical roles in RB oncogenesis and development by regulating cell proliferation, apoptosis, cycle, metastasis and invasion (15, 16) . miRNAs may serve oncogenic or tumour suppressive roles, in which oncogenic miRNAs are overexpressed and tumour suppressor miRNAs are weakly expressed in cancers (17) . Considering the regulatory roles of miRNAs in RB, miRNAs may be investigated as promising therapeutic targets for the management of patients with RB. miR-874-3p (miR-874) has been recently reported to be downregulated in several types of human cancer and play an essential role in cancer progression (18) (19) (20) . However, the expression pattern and detailed roles of miR-874 in RB, as well as the underlying molecular mechanisms in RB, have not been clearly elucidated. Therefore, this study detected miR-874 expression in both RB tissues and cell lines. We also determined the biological roles of miR-874 in RB and examined the underlying mechanisms of its actions in RB cells.
Materials and methods
Tissue samples. A total of 26 RB tissues were collected from patients with RB who underwent surgery in Affiliated Hospital of Weifang Medical University (Weifang, China). In total, 8 normal retinal tissues were obtained from patients suffering from globe rupture. These subjects did not receive thermotherapy, radiotherapy or chemotherapy treatment before surgery. Tissues were quickly snap-frozen in liquid nitrogen and stored in a -80˚C freezer until further RNA extraction. This study was approved by the Ethics Committee of the Affiliated Hospital of Weifang Medical University. Written informed consent was also obtained from each of the patients enrolled.
Cell culture. One normal retinal pigmented epithelial cell line ARPE-19 and three RB cell lines (SO-RB50, Y79, and Weri-RB1) were purchased from American Type Culture Collection (Manassas, VA, USA). All these cell lines were grown at 37˚C under a humidified atmosphere containing 5% CO 2 , and cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Transfection. miR-874 mimics, negative control miRNA mimics (miR-NC), MTDH siRNA and negative control siRNA (NC siRNA) were synthesized and obtained from GenePharma Co., Ltd. (Shanghai, China). MTDH overexpression vector pcDNA3.1-MTDH and empty pcDNA3.1 vector was ordered from Chinese Academy of Sciences (Changchun, China). For transfection, cells were seeded into 6-well plates at 60-70% confluence, and then transfected with mimics, siRNA or vector using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's instructions. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis were applied to determine transfection efficiency.
RT-qPCR. Total RNA of tissues or cells was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and the concentration of total RNA was detected with a NanoDrop 2000/2000c spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). To detect miR-874 expression, total RNA was reverse transcribed into complementary DNA (cDNA) using a TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). Subsequently, cDNA was amplified by qPCR using a TaqMan MicroRNA Assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). To analyse MTDH mRNA expression, reverse transcription was conducted using M-MLV reverse transcriptase (Thermo Fisher Scientific, Inc.), followed by qPCR with Power SYBR-Green PCR Master Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA). U6 and GAPDH served as internal controls for the determination of miR-874 and MTDH mRNA expression, respectively. The 2 -ΔΔCq method was used to analyse gene expression (21) .
MTT assay. After transfection for 24 h, the cells were collected and seeded into 96-well plates at a density of 3,000 cells/well. The cells were then incubated at 37˚C under a humidified atmosphere containing 5% CO 2 for 0, 24, 48 and 72 h. At every time point, MTT assay was performed to detect cell proliferation. A total of 20 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added into each well and incubated at 37˚C with 5% CO 2 for 4 h. The culture medium was discarded, and 100 µl of DMSO (Sigma-Aldrich; Merck KGaA) was added into each well to dissolve formazan crystals. Absorbance was read at a wavelength of 490 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Transwell invasion assay. Following transfection for 48 h, 1x10 5 transfected cells in FBS-free DMEM were plated into the upper compartment of 24-well Transwell chambers (8 µm pore size; Corning Incorporated, Corning, NY, USA) that were precoated with Matrigel matrix gel (BD Biosciences, Franklin Lakes, NJ, USA). The lower compartment of Transwell chambers was filled with 600 µl of DMEM supplemented with 20% FBS. Approximately 24 h later, non-invasive cells on the upper surface of the membrane were gently removed using a cotton swab. The invasive cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The number of invasive cells was counted under a Leica inverted microscope (x200 magnification; Leica Microsystems GmbH, Wetzlar, Germany) in at least 5 randomly selected visual fields.
Bioinformatics analysis. The putative targets of miR-874 were predicted using public key algorithms, including TargetScan (www.targetscan.org) and miRanda (www.microrna.org).
Luciferase reporter assay. The wild-type (Wt) and mutant 3'-UTR of MTDH segment was amplified by GenePharma Co., Ltd., and was inserted into the pmirGLO luciferase reporter vector (Promega Corporation, Madison, WI, USA). For reporter assay, cells were seeded into 24-well plates, and cotransfected with miR-874 mimics or m i R-NC a nd pm i r GLO -Wt-M T DH-3'-U T R or pmirGLO-Mut-MTDH-3'-UTR using Lipofectamine ® 2000. Transfected cells were harvested 48 h post-transfection, and were subjected to the detection of luciferase activities using a Dual-Luciferase Reporter assay system (Promega Corporation) following the manufacturer's instructions. Firefly luciferase activity was normalized to that of Renilla luciferase activity.
Western blot analysis. Total protein of tissues or cells was extracted using a Total Protein Extraction kit (KeyGen Biotech Co., Ltd., Nanjing, China), and the protein concentration was evaluated using a BCA assay kit (Thermo Fisher Scientific, Inc.). Equal amount of total protein per lane was separated using 10% sodium dodecyl sulfate polyacrylamide gel electro-10% sodium dodecyl sulfate polyacrylamide gel electro-sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Subsequently, the membranes were blocked with 5% dried skimmed milk dissolved in TBS containing 0.1% Tween-20 (TBST) at room temperature for 2 h followed by incubation overnight at 4˚C with primary antibodies. After washing three times with TBST, the membranes were incubated at room temperature for 2 h with horseradish peroxidase-conjuncted goat anti-mouse secondary antibody (1:5,000 dilution; cat. no. sc-516102; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The protein bands were visualized with an enhanced chemiluminescence detection system (Pierce; Thermo Fisher Scientific, Inc.). The primary antibodies used in this study included mouse anti-human MTDH monoclonal antibody (1:1,000 dilution; cat. no. sc-517220; Santa Cruz Biotechnology, Inc.) and mouse anti-human GAPDH monoclonal antibody (1:1,000 dilution; cat. no. sc-51907; Santa Cruz Biotechnology, Inc.). GAPDH was used as the internal control.
Statistical analysis. All data were presented as the mean ± standard deviation. All statistical analyses were conducted using SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA). Student's t-test was adopted for comparisons between two groups, whereas one-way ANOVA was used for comparisons between multiple groups. Student-Newman-Keuls test was used as a post hoc test following ANOVA. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of miR-874 is decreased in RB tissues and cell lines. To examine the expression pattern of miR-874 in RB, we detected miR-874 expression in 26 RB tissues and 8 normal retinal tissues. The results of RT-qPCR analysis showed that miR-874 expression was significantly downregulated in RB tissues compared with that in normal retinal tissues (P<0.05; Fig. 1A ). To confirm this observation, we determined the expression level of miR-874 in the normal retinal pigmented epithelial cell line ARPE-19 and three RB cell lines SO-RB50, Y79 and Weri-RB1. As expected, miR-874 was lower in the three RB cell lines than in ARPE-19 (P<0.05; Fig. 1B) . These results suggested that miR-874 may play important roles in RB development.
miR-874 restoration inhibits RB cell proliferation and invasion.
Considering that miR-874 is weakly expressed in RB, we hypothesised that miR-874 may play tumour-suppressive roles in RB. To confirm this hypothesis, we selected Y79 and Weri-RB1 cell lines, which exhibit relatively lower endogenous miR-874 expression among the three RB cell lines, for subsequent experiments. Y79 and Weri-RB1 cells were transfected with miR-874 mimics or miR-NC, and the expression level of miR-874 was detected by RT-qPCR. As shown in Fig. 2A , miR-874 expression was evidently upregulated in Y79 and Weri-RB1 cells after transfection with miR-874 mimics (P<0.05). MTT assay revealed that ectopic miR-874 expression inhibited Y79 and Weri-RB1 cell proliferation compared with that in miR-NC groups (P<0.05; Fig. 2B ). Transwell invasion assay was utilised to examine the effect of miR-874 on RB cell invasion. miR-874 overexpression reduced the invasive abilities of Y79 and Weri-RB1 cells compared with those in miR-NC groups (P<0.05; Fig. 2C ). In summary, these results suggested that miR-874 may serve as a tumour suppressor in RB.
miR-874 directly targets and regulates MTDH expression in RB cells.
To understand the mechanisms underlying the action of miR-874 in RB, bioinformatics analysis was performed to predict the putative targets of miR-874. We focused on MTDH because of its crucial roles in regulating RB malignancy (22) (Fig. 3A) . Luciferase reporter assay was performed to evaluate whether miR-874 can directly recognise and bind to the 3'-UTR of MTDH. The upregulation of miR-874 significantly suppressed the luciferase activities in Y79 and Weri-RB1 cells that were transfected with plasmid containing the wild type 3'-UTR of MTDH (P<0.05) but not in cells transfected with plasmid harbouring the mutated 3'-UTR ( Fig. 3B ). To further investigate the relationship between miR-874 and MTDH, we conducted RT-qPCR and Western blot analysis to analyse the MTDH mRNA and protein levels in Y79 and Weri-RB1 cells after transfection with miR-874 mimics or miR-NC. The mRNA (P<0.05; Fig. 3C ) and protein (P<0.05; Fig. 3D ) levels of MTDH were significantly reduced by miR-874 overexpression in Y79 and Weri-RB1 cells. These results suggested that MTDH may be a direct target gene of miR-874 in RB cells.
MTDH knockdown imitates the inhibitory roles of miR-874 on RB cells.
Given that MTDH was validated as a direct target gene of miR-874, we hypothesised that MTDH inhibition can imitate the suppressive roles of miR-874 in RB cells. To confirm this hypothesis, we employed MTDH siRNA to knock down MTDH expression in Y79 and Weri-RB1 cells. After transfection, Western blot analysis indicated that MTDH expression was efficiently knocked down in both Y79 and Weri-RB1 cells (P<0.05; Fig. 4A ). MTT and Transwell invasion assays revealed that MTDH inhibition attenuated the proliferation (P<0.05; Fig. 4B and C) and invasion (P<0.05; Fig. 4D ) of Y79 and Weri-RB1 cells, which was similar to the effects caused by miR-874 overexpression. These results suggested that MTDH is a functional target of miR-874 in RB cells.
Forced MTDH expression partially reverses the suppressive effects of miR-874 on proliferation and invasion of RB cells.
To elucidate whether the action of miR-874 on RB cells is mediated by MTDH, rescue experiments were performed in Y79 and Weri-RB1 cells that were co-transfected with miR-874 mimics and pcDNA3.1 or pcDNA3.1-MTDH lacking the respective 3'-UTR. MTDH downregulation in Y79 and Weri-RB1 cells caused by miR-874 overexpression was rescued by co-transfection with pcDNA3.1-MTDH (P<0.05; Fig. 5A ). Furthermore, restored MTDH expression abolished the inhibitory effects of exogenous miR-874 on the proliferation (P<0.05; Fig. 5B and C) and invasion (P<0.05; Fig. 5D ) of Y79 and Weri-RB1 cells. Overall, these results clearly demonstrated that the tumour-suppressive roles of miR-874 on RB cells were partly mediated by MTDH downregulation.
Discussion
miRNAs play important roles in regulating gene expression by directly binding to the 3'-UTR of target genes (9) . Multiple miRNAs are dysregulated in RB, and their dysregulation is closely related to RB malignancy (15) . Therefore, exploring the detailed roles of miRNAs in RB is valuable to further understand the mechanisms underlying RB formation and progression, which may facilitate the development of effective therapeutic targets for patients with this disease. In this research, we analysed miR-874 expression in both RB tissues and cell lines. The data of RT-qPCR analysis indicated that miR-874 expression was significantly downregulated in RB tissues and cell lines. Thus, miR-874 may serve tumour-suppressive roles in RB. Subsequent functional experiments demonstrated that miR-874 upregulation attenuated cell proliferation and invasion in RB. Furthermore, MTDH was identified as a direct target gene of miR-874 in RB. These results suggested that miR-874 may be a potential diagnostic and therapeutic target for the therapy of patients with RB.
miR-874 expression is aberrantly expressed in several human cancers. For example, its expression is reduced in hepatocellular carcinoma. Reduced miR-874 expression is correlated with tumour size, vascular invasion, lymph node metastasis, tumour node metastasis (TNM) stage, clinical stage and tumour differentiation (23, 24) . miR-874 expression is also downregulated in osteosarcoma tissues and cell lines (25, 26) . Low miR-874 expression is strongly related to TNM stage, tumour size and lymph node metastasis in patients with osteosarcoma (26) . Weakly expressed miR-874 expression also has been reported in breast cancer (18) , gastric cancer (19) , head and neck squamous cell carcinoma (20) , lung cancer (27) and colorectal cancer (28) . These findings suggest that miR-874 can be developed as a novel biomarker for the diagnosis and prediction of the prognosis of patients with these specific cancer types. miR-874 serves important roles in the oncogenesis and progression of multiple human cancer types. For example, resuming miR-874 expression inhibits hepatocellular carcinoma cell growth, metastasis and epithelial-mesenchymal transition in vitro and reduces tumourigenicity in vivo (23, 24, 29) . In osteosarcoma, miR-874 upregula-. In osteosarcoma, miR-874 upregulation represses cell proliferation, migration and invasion, promotes cell apoptosis in vitro and inhibits tumour growth in vivo (25, 26) . In breast cancer, ectopic miR-874 expression restricts cell proliferation, increases apoptosis and induces cell cycle arrest (30) . In head and neck squamous cell carcinoma, forced miR-874 expression suppresses cell proliferation and invasion and promotes cell apoptosis via G2/M arrest induction (20, 31) . These findings indicate that miR-874 restoration inhibits the progression of these human cancers, suggesting that this miRNA may be a promising therapeutic target.
In the current study, we demonstrated for the first time that MTDH is a direct and functional target of miR-874 in RB cells. MTDH, also known as astrocyte-elevated gene-1, is located on chromosome 8q22 and is overexpressed in a variety of human malignant tumours, such as thyroid (32) , breast (33) , gastric (34) , colorectal (35) , and cervical (36) cancers. MTDH expression is also upregulated in RB tissues and cell lines and is linked with the tumor stage of RB patients (22) . Inhibition of MTDH signif-. Inhibition of MTDH significantly inhibits cell proliferation and promotes apoptosis in RB (22) . MTDH can be directly targeted by multiple miRNAs, such as miR-136 (37) in osteosarcoma, miR-216b (38) in glioma and miR-1271 (39) in colorectal cancer. These findings suggest that miRNA-based targeted therapy against MTDH expression may be a potential strategy for anticancer therapy.
In conclusion, miR-874 was underexpressed in RB tissues and cell lines. miR-874 overexpression inhibited cell proliferation and invasion in RB by directly targeting MTDH. Understanding the molecular mechanisms underlying the action of miR-874 in RB may provide novel insights into RB development and provide effective therapeutic target for patients with this malignancy. However, this study suffered from several limitations that must be recognised. The present work demonstrated that MTDH was a direct target of miR-874 in RB but could not conclude that MTDH was the primary or only target. Furthermore, this research did not explore the effects of miR-874 on the malignant behaviour of RB cells in vivo. In the future, intensive studies are necessary to overcome these limitations.
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